The aim of this study is to determine the relationship between varying depths of the patellar tendon bar i . n trans-tibia1 prosthesis sockets and the pressures exerted by other regions within the socket, such as the tibial crest, medial and lateral tibial condyles' lateral femoral condyle and the distal tibial end. Five (5) patients selected from a population of trans-tibia1 amputees in Singapore. Patellartendon-bearing (PTB) sockets were made for them. Polypropylene spacers 2mm thick were used to simulate the increasing depths of the patellar tendon bar. P-Scan pressure transducers were inserted into the sockets to measure the pressures exerted by the socket and the data collected were analysed statistically to see if there was a relationship between varying PTB depths and pressures exerted from selected parts of the socket.
Introduction
The prosthetic socket is usually the primary interface between the patient's stump and the prosthesis. In the last few decades, numerous institutions have developed various types of sockets using different types of materials, and many studies have been conducted to evaluate their fit (Zhang and Roberts, 2000) . Through the years, the patellar-tendon-bearing (PTB) socket has qualitatively proved to be comfortable and All correspondence to be addressed to Wangdo Kim, Nanyang Technological University. School of Mechanical and Production Engineering,
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Nanyang Avenue, Singapore 639798. E-mail: mwdkim@ntu.edu.sg functional and has been prescribed for a wide range of patients. There has yet to be a common agreement as to what makes a comfortable yet functional prosthetic socket.
When designing a prosthetic socket, prosthetists consider a variety of factors and measurements taken from the patient. Significant factors incIude stump shape, tissue type and musculature. Measurements taken from the patient normally include the circumferential measurement of the stump at various levels, antero-posterior distance measured at mid-patellar tendon level and length of the stump. More importantly, an impression of the patient's stump is obtained. This could be done by means of a plaster cast or by using a computer-aided design system, which scans the 3-dimensional image of the stump, digitises the image and then displays it on screen. It may sound scientific but the design of prosthetic sockets, or interfaces in general, is still very much an art. The prosthetist has to rely on patient feedback and indications of pressure exerted on the stump, for example by skin blanching or sock impressions . The amount of pressure a patient can tolerate in localised regions is also subjective to each patient.
Two kinds of stresses affect the stumpshear stress and normal stress. Several studies have been conducted using specially made sockets and triaxial force transducers for the concurrent measurements of the shear stress and normal stress experienced by the stump during standing and walking (William et af., 1992; Sanders rt af.. 1997; Zhang, Turner-Smith ef af., 1998). Amputees do not walk or stand like physically 23 normal individuals. They usually have a tendency to lean more of their body weight on the normal leg while standing or walking (Jones et al., 1997) .
With advances in computer technology, the finite element (FE) method has been applied to the investigation of interface pressures (Silver- . Using a computer for analysis without having to conduct a clinical trial can save a lot of time and money. At the same time, numerical methods are believed to be able to do what experimental methods cannot, that is to evaluate the stresses within the soft tissue and predict the interface biomechanics before a socket is fabricated. The difficulty in using the finite element method lies in creating an accurate model of the stump. Modelling of the soft tissues is the main hurdle in FE and also elements developed in commercial FE packages have limitations and are not geared towards biomechanical applications Zhang, Mak et al., 1998) .
This study focused on pressure distribution within a PTB-type socket. The objective was to determine if there is any relationship between increasing the.depth of the patellar tendon bar and the normal pressures exerted on various regions of the stump by the socket. The regions of interest are the lateral femoral condyle, the patellar tendon bar, the tibial crest and tibial end. The lateral femoral condyle, tibial crest and tibial end are pressure sensitive regions for most trans-tibia1 amputees and the rest, patellar tendon bar and medial and lateral tibial flares are pressure tolerant regions. Force sensing resistors (FSR) developed by Tekscan Inc. in Boston were used for this study even though inaccuracies have been reported using FSR technology (Convery and Buis, 1998) . Five (5) patients were selected from a population of trans-tibia1 amputees in Singapore.
A cast of each stump and the relevant measurements were taken. FTB sockets were made using lOmm polypropylene. To simulate the effect of the patellar tendon bar, 2mm thick spacers were fabricated in the shape of patellar tendon bars for each patient. The pressures exerted on the stump at the regions of interest were then measured using pressure transducers. The data collected was used to determine if there is a relationship between increasing depths of the patellar tendon bar and the pressures exerted by the surrounding regions.
The trans-tibia1 amputee and the trans-tibia1 prosthetic socket For prosthetists to design a prosthetic socket, a detailed understanding of the functional anatomy of the stump is important. Unlike stumps at the trans-femoral level where the femur is surrounded by soft tissue, trans-tibia1 stumps usually have a residual tibia situated anterior to the limb and also a fibula laterally. In order to transfer large forces from the prosthesis to the socket and then onto the stump the prosthetist has to consider the areas of the stump where the patient can tolerate high forces. For most amputees the region that %an tolerate these high forces without pain is the patellar tendon. Sensitive regions, such as the distal end of tibia, tibial crest, tibial tuberosity and fibula head or any bony prominences are usually given pressure relief within the prosthetic socket.
In the 1950s the PTB socket concept was conceived by Radcliff and Foort (Hulshof, 1985) . It revolutionised the way prosthetists designed their trans-tibia1 sockets. Its design used pressure tolerant areas to support the majority of the body weight during standing and walking and also providing relief on areas thought to be sensitive to pressure. Since then little has changed and a large number of PTB sockets are still made today. Alternatively, several institutions have advocated the use of so called hydrostatic-type sockets that are considered to exert uniform pressure throughout the socket interface.
In the early 1960s Foort conducted studies in PTB socket design and discovered (Hulshof, 1985) that pressure in the popliteal area caused painful sensations in the distal tibial end and increased pressure on the patellar tendon bar did not improve weight-bearing. Besser (Hulshof, 1985) also experimented with an adjustable patellar tendon bar section and claimed in 1992 that up to 45% of the total body weight could be bupported on the patellar tendon. These claims prompted the authors to embark on a study to determine the relationship between patellar tendon bar depth and pressures exerted by other areas within the socket.
History of socket interface pressure measurements
Research in the past has measured socket interface pressure and concentrated on obtaining both normal and shear stresses on the stump when the patient used the prosthesis. Shear stress on the stump is an important factor. Often patients complain of friction sores at various localised areas on the stump, such as at the crest of the residual tibia. This may be due to poor fitting sockets that allow the stump to "piston" within the socket during gait.
Forces acting on the stump perpendicular to the surface are often studied as they are easier to measure and transducers are readily available commercially. Although the type of transducer can affect the pressure readings, other factors can also affect the pressure measurements, e.g., the patient's weight, gait pattern and stump shape. Several studies have shown that the pressures within the socket are not uniformly distributed. Some areas experience higher pressures than others.
Socket pressures were also seen to change according to aligpnent changes in the prosthesis. Interestingly, these studies also have shown that pressures at the medial tibia1 condyle area did not change with alignment changes.
Methodology
Five (5) trans-tibia1 amputees were selected for this study. The selection criteria required the subjects to have at least 1 year of prosthetic use and to be comfortable with their own prosthesis. The Tan Tock Seng Ethics Committee approved the study.
Each subject had a prosthetic socket made. Plaster casts of each stump were taken using plaster of Paris (POP) bandages. A simple circumferential wrap using POP bandages was used without any dynamic moulding to change the shape of the negative cast. The objective was to obtain a good representation of the subject's stump. Precision was not considered critical as observations were based on changes within each socket for each subject.
The negative casts were filled with POP to obtain positive casts and they were smoothed so that the fabricated sockets would have a smooth surface on the inside. This provided a smooth surface for the subjects to don the sockets and also reduced any measurement artefacts. No further cast rectification was done.
The prosthetic sockets were made using lOmm thick polypropylene, vacuum formed over the positive casts. Spacers made from 2mm polypropylene shaped to resemble the patellar tendon bar were used to simulate the increase of the patellar tendon bar depth. A 2mm diameter hole was drilled at the mid-patellar tendon region of each socket and also the middle of all the spacers. In order to sirnulate a 2mm deep patellar tendon bar, the first spacer was bolted into the socket. Spacers were added sequentially to a depth of 8mm or 4 spacers. Socket liners were not used as it was felt that they may distribute stresses at various regions throughout the stump.
Each prosthesis was assembled using a pyramid socket adaptor, tube clamp, aluminium tube and a Super SACH foot. All items were from the Prolite range from Blatchford (Blatchford, Hampshire, England). Suspension is by a Muley strap. Each prosthesis was aligned to the patient's footwear and gait pattern.
The P-scan transducer and calibration procedure
The study required a sensor that could measure socketlstump interface normal pressures during static and dynamic loading. The Tekscan (Tekscan Inc., South Boston, USA) F-socket (98 11) transducer was chosen as it was purpose-built for use in prosthetic sockets.
Ideally, measurement of interface pressures should be taken with the thinnest sensor design possible. A bulky sensor would not only alter the fit of the socket but also a thick sensor would increase "mechanical cross-talk" which occurs when a point load deforms the sensor sufficiently to trigger an adjacent sensing location that is not actually being loaded. This is of greatest concern when point loads are being applied on an uneven surface, such as the internal surface of a trans-tibia1 socket. The Fsocket (98 1 1) sensor has a thickness of 0.18mm.
The transducer has a total of 96 individual calls displayed in an array of 16 rows and 6 columns covering a total sensing area of 15500mm2. Each load cell when subjected to compression tests has its own unique output. Maximum inter-cell variation is of the order of mean output &50% (Buis and Convery, 1997). The sensor can withstand a maximum pressure of 517kPa (75psi). One special feature of the sensor is that it can be slit into six independent strips of 16 sensing cells each, which gives the experimenter more flexibility in assigning the sensor to the place of interest. The advantages of the sensor selected are thickness, size, sensitivity, resolution and frequency response.
Conneclcd to convollcr via a tubc.
Recommended pmssurc of 138kPa (20pri) for equilibration. Maximum pmurc 'bladder' can withstand i s 6901rPp (loopsi). The disadvantages are hysteresis, drift and temperature sensitivity (Buis and Convery, 1997).
Sensors arc inscncd individually into the 'bladder' via
Before the start of the experiment, the transducers were calibrated first to eliminate the variation between each load cell. Calibration is carried out using the equilibrium software programme that comes with the transducers. During calibration, the transducers were placed one at a time in a pressure rig called the 'bladder' (Fig. 1) where constant pressure of 138kPa (2Opsi) was applied. An air compressor is connected to a regulator, which in turn is connected to a controller that controls the pressure to the 'bladder'. Pressure into the controller must not exceed 690kPa (loopsi). For accuracy, the transducers were equilibrated a few days before each experiment. This process reduced the amount of drift that may occur in the transducers before they were used. Each transducer was then labelled accordingly to each subject.
For each socket studied, the sensors were divided into 3 columns. Each column having two strips and therefore 32 sensing cells. The sensor portions of the transducers were attached inside the socket onto the anterior portion using microspore tape. The thin tape minimised the change in socket shape and also provided a secure method of attaching the transducers in the socket. As the objective of the study was to Lim and K. S. Hong determine the relationship between varying depths of patellar tendon bars in PTB sockets and the pressures exerted on the stump by other parts of the sockets, such as lateral femoral condyle, medial and lateral tibial flare, the patellar tendon bar, the tibial crest and tibial end, only the anterior portion of the socket was measured as illustrated in Figure 2 . The other end of the transducer was connected to the computer and the data obtained during experiment was stored on computer. The patients were asked to don the sockets and stand on the prosthesis. Alignment of the leg was also checked by the prosthetist as a misalignment could affect readings (Sanders and Daly, 1999) . Pressure readings exerted on the stump by the socket interface were taken and recorded on computer.
The socket was then removed from the stump and a spacer added to the patellar tendon bar region of the socket to simulate an increase in the patellar tendon bar depth by 2mm. The patient was asked to don the socket again and similar pressures measurements were taken. The process was repeated until a total of 4 spacers, that is 8mm, was added to the patellar tendon bar as shown in Figure 3 . The data collected were analysed for any correlation between the increasing patellar -tendon bar depth and pressures in the regions of interest.
Results for subject 1
Subject 1 is a male amputee in his 60s of body mass 84kg. A retired person, he has been a transtibial amputee for about 2 years. He uses a walking stick for ambulation. Figure 4 shows the pressure distribution map over the entire sensor area. The areas boxed up in the pressure distribution window show the areas of pressure, which are of interest in the experiment. For large regions the apex of the region was chosen that corresponds to a single transducer cell.
It was noticed that as the depth of the patellar tendon bar increased the pressure measured in this area also increased ( Fig. 5.) . This was expected as the antero-posterior distance between the patellar tendon bar and the posterior wall of the socket reduced at this level. On the other hand, the peak pressures across some of the other regions decreased as the depth of the patellar tendon bar depth increased. This suggests that increasing the patellar tendon bar depth redistributed the pressures in some areas of the socket.
From the readings it was also noted that there were fluctuations, or inconsistent pressure measurements during the 5-second movie. Although the patient was standing motionless when the readings were taken the charts show minor fluctuations in the readings. The fluctuations could be due to 2 reasons; firstly the patient could have been uncomfortable in the socket and moved his stump to find a comfortable position inside it or as he was standing he was contracting his muscles eccentrically to keep balance, similar to lower leg muscle contractions. These contractions are continuous and subsequently change the shape of the stump causing fluctuations in pressure readings.
From the pressure distribution maps (Fig. 4) it can be seen that the peak pressures at the tibial end region decreased when the patellar tendon bar depth increased from O m to 4mm and then increased from 6mm to 8mm. At the tibial crest region, the peak pressures also decreased from Omm to 4mm bar depth and then increased from 6mm to 8mm bar depth. Peak pressures in the lateral and medial tibial flares have remained fairly constant. The lateral tibial flare has pressure mean about 67k4kPa while the medial tibial flare has pressure mean about 6223.1kPa.
The pressures in the lateral femoral condyle region showed a drop from an average of 63.8kPa to 16.5kPa as the patellar bar depth increases from Omm to 8mm as shown in Figure  6 . The decrease in pressure could be an indication that the increase in patellar tendon bar depth has helped to redistribute some of the load experienced by that region. The only region, which shows an increase in pressure as the patellar tendon bar depth, increases, was the tibial end. It shows an increase in pressure from an initial average of 18kPa at the Omm depth to an average of 30kPa at the 8mm depth.
Feedback from the patient revealed that the socket was most comfortable when the patellar tendon bar was at a depth of 4mm.
Results for subject 2
Subject 2 is a male amputee in his 50s. Like subject 1, he is also a left trans-tibia1 amputee with about 2 years of prosthetic experience. His body mass is 60kg and he walks independently with a walking stick. With subject 2 the pressures shown in Figure 7 are relatively constant with little fluctuations as compared to subject 1. There is a tremendous increase in pressure in the patellar tendon region as the patellar bar depth increases, from about 27kPa at O m m to about 212kPa at 6mm. At the 4th spacer, 8mm patellar tendon bar depth, the subject experienced severe pain at the patellar tendon bar area. This suggested that an 8mm patellar Shade bar on the left shows the range of pressures in kPa.
tendon bar depth was too severe for the subject to tolerate. Thus the trial for the 4th spacer was not carried out. At the other regions, the tibial end, tibial crest and the lateral femoral condyle, showed a significant decrease in pressure as the patellar bar depth increased. Especially for the tibial end, there was no pressure recorded at the 6mm depth. For the tibial crest and lateral femoral condyte, there was at least a 50% decrease in pressure. This suggests that an increase in patellar tendon bar depth has been successful in distributing most of the load from these 3 regions for this subject.
Unlike the other regions, which have shown increases and decreases in pressures, the pressures at the lateral tibial flare and the medial tibial flare are relatively constant. Lateral tibial . ! I Fig. 5 . a-e shows the peak pressures at the lateral femoral condyle, medial and lateral tibial flare, the patellar tendon bar. the tibial crest and tibial end in the 5 second movie. a) patellar tendon bar depth Ornrn. b) patellar tendon bar depth 2mm. c) patellar tendon bar depth 4mm. d) patellar tendon bar depth 6rnm. e) patellar tendon depth 8rnm.
flare has pressure averaging 30+3.9kPa while medial tibial flare has pressure averaging 47.821 1.5kPa. With the results shown, the increase in depth has redistributed the load from these two regions.
Results for subject 3
Subject 3 is another male amputee in his 50s with a body mass of about 60kg. He is a right trans-tibia1 amputee and has been using a prosthesis for about 3 years. Similar to the other subjects, he ambulates independently with a walking stick. The data obtained is shown in Figure 8 . The third subject, was unable to complete the data recording for 8mm of patellar tendon bar depth, as it became too painful for the patient to don the prosthesis. The stump was inserted into the socket fully and so the main 
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load-bearing region was on the tibial crest and this caused a lot of pain in that region. Similar to subject 2, subject 3 also shows an exponential increase in pressure at the patellar tendon bar region with pressures ranging from 17.2kPa to 228.2kPa as the depth of the patellar tendon bar increased from Omm to 6mm as shown in Figure 8 . High fluctuations in pressure recordings were noticed at the tibia1 crest and tibial end regions. Average pressure at the tibial crest and tibial end have been shown to increase as well as fluctuate at the 2mm and 4mm depth and then decrease and remain relatively constant at the 6mm depth.
The pressure distribution maps show a gradual decrease in pressure from 40.8kPa to 29.9kPa at the medial tibial region. This amounts to an overall 30% decrease in pressure. Pressure at the lateral femoral codyle also shows a gradual decrease. The pressure ranges from 55.9kPa to 35.5kPa, a 35% decrease in pressure. Gradual distribution of load occurs in these 2 regions as the depth of the patellar tendon bar increases. For the lateral tibial area, there appears to be a gradual increase in pressure as the depth increases. Pressure increases from 54.2kPa to 60.4kPa. a 10% increase that is insignificant in the sense that the patient does not feel any major discomfort in the area. The fourth subject is a male right trans-tibia1 amputee in his 40s. His body mass is 64kg and he has been using a prosthesis for about 2 years. Unlike the other 3 subjects, subject 4 walks (x loo0:) t independently without walking aids.
Like the other subjects, the pressure at the patellar tendon region increases with an increase in the depth of the patellar tendon bar. The pressure starts from 16.4kPa at Omm depth and increases rapidly to 142.9kPa at 8mm depth in Figure 9 . The increase in pressure is notably more compared to the first subject, however, only about half that which occurred in the second and third subjects. Pressures at the tibial crest, tibial end and the lateral femoral condyle areas showed a decrease. Tibial crest pressure decreased from 50.6kPa to 39.4kPa (20% decrease), while tibial end pressure decreased from 29.8kPa to 19.3kPa (35% decrease) and the lateral femoral condyle pressure decreased from 41.7kPa to 17.5kPa (60% decrease).
Unlike his 3 predecessors, where the pressure at the medial tibia either remains relatively constant or has shown a slight decrease, the pressure at the medial tibial region for the fourth subject appears to have increased gradually with the increase in patellar bar depth. The increase is significant with pressure ranging from 49.9kPa to 77.lkPa. a 55% increase. Pressure at the lateral tibia has remained constant in the range of 52k2.6kPa.
Results for subject 5
The fifth subject is a male right trans-tibia1 amputee in his 40s of body mass 60kg who has been using a prosthesis for about 2 years and walks independently without walking aids.
As in all previous subjects, the pressure at the patellar tendon bar of the last patient increases as . -j Pressure area h g 9al 2 a E 6 ;
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the depth increased as shown in Fig. 10 . The increase in pressure ranges from 30.2kPa at the Omm depth to about 79.5kPa at the 8mm depth. As in all previous subjects, the increase in pressure is more than 150%. Pressure at the medial tibia fluctuates throughout with the highest pressure reaching about 58.4kPa and the lowest pressure about 22.8kPa. Average pressure is about 34.2kPa with fluctuations ranging from +70% to -30%. Pressures at the lateral condyle and the lateral tibia fluctuate greatly. For the lateral condyle, the pressure ranges from OWa at the 6mm depth to about 68.4kPa at the 4mm depth. For the lateral tibia, the range of pressure is from 86.6kPa to 23.5kPa with the highest pressure occurring at the 4mm depth and the lowest pressure at the 8mm depth. Highest pressure at both the tibial crest and the tibia end occur at the 6mm depth. Pressure at the tibial crest increase from 26.8kPa at Omm to 116.lkPa at 6mm, a 330% increase, while the pressure at the tibia end increases from 18.5kPa to 87.3kPa, a 370% increase. At the 6mm depth, the pressure at the patellar tendon is the lowest, about 20.7kPa. This shows that the patellar tendon bar did not come into play effectively at the 6mm depth for the last subject. As a result of that, a large portion of the load is distributed over the bony area. 
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Discussion
After obtaining the data from each recording, it was tabulated. Statistical analyses were then performed on the tabulated data using Statgraphics Plus 4.0 (Manugistics Inc., Rockville, USA). Multifactor ANOVA analysis was then chosen. Pressure was entered as the variable while the depth of the patellar tendon bar and the different pressure areas were both entered as factors which will affect the readings.
Analysis of variance (ANOVA) is the statistical technique in which the total variation in a measured response is partitioned into components, which can be attributed to recognisable sources of variation. The individual components are useful in testing pertinent hypotheses. Figures 6 to 10 , show that the patellar tendon line intersects all the other lines except in the graph for subject 3 where the tibial end line and patellar tendon line did not intersect but neither are they parallel, which signifies a weak relationship between the two areas. The intersection gives an indication that the increase in pressure in the patellar tendon area has a strong relationship with the other areas.
An increase in depth of the patellar tendon bar is directly proportional to the increase in pressure in the patellar tendon region. Interaction means a 'joint effect' between two factorsthe depth and the pressure area. A change in depth and different pressure areas have different effects on the pressures measured. A strong relationship between the various pressure areas would indicate how the change of pressure in one area would affect the other pressure areas. A weak relationship also signifies the change in pressure of an area would have an effect in other areas, however that effect might not be as significant when compared to a strong relationship. @ ' """(2 1 I --f
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In subject 1, it can be seen that as a result of the effect of the increase in pressure at the patellar tendon due to an increase in depth, the pressure at the lateral condyle has decreased. This would mean that some of the load at the lateral condyle has been borne by the patellar tendon as a result of an increase in patellar bar depth. As there are interactions between all the areas as shown in the graph, the load may be distributed to some other areas as well but the bulk of the load is still borne by the patellar tendon as the increase in pressure is the most significant. The change in pressure might not be so significant in other areas such as lateral tibia and medial tibia as there is not much change in the slope of the graph.
For subject 2, the change in depth leading to a change in pressure at the patellar tendon has resulted in change at the other pressure areas. However, due to the scale of the x-axis of the graph, the change in' pressure is not reflected clearly in the graph. The change in pressure in tibial crest and tibial end is the most significant with pressure fluctuating the most at the 4mm patellar tendon bar depth.
Data from subject 3 shows that at the Omm depth, the patellar tendon pressure did not intersect with that at tibial end. The pressure at the tibial end however decreases gradually to almost 0 as the depth of the patellar bar increases. This decrease in pressure could be accredited to areas other than the tibial end sharing a part of the load borne by the tibial end.
For subject 4, it is seen that the patellar tendon areas as well as the medial tibia experience an increase in 'pressure as the patellar bar depth increases. For this subject, the medial tibia region plays a significant role in load-bearing apart from the conventional patellar tendon region.
Data for the last subject shows the tibial crest to be the main load bearing area from Omm to 6mm depth of patellar tendon bar. The patellar tendon bar comes into effect as a load bearing region more significantly at the 8mm depth. The pressures in the tibial crest, the medial tibia and the lateral condyle show an increase as the patellar bar increases from Omm to 4mm depth, while the pressures of the other areas remain relatively constant at the same range of depth.
It was shown that the interaction between the depth of the patellar tendon bar and the different pressure areas was significant at the level p<O.O 1 ; consequently, pressures on the different areas respond in significantly different manners as the depth of patellar tendon bar increases. Based on the P-values calculated for subject 1, the null hypothesis Ho, that the change in depth of the patellar tendon bar has no effect on the pressure areas, can be rejected. HO for subjects 2, 3, 4 and 5 can also be rejected. Therefore, the alternative hypothesis HI, the change in depth of the patellar tendon bar has an effect on the pressure areas, applies.
Subsequently, the data from the walking trials was also analysed. Due to the objectives of the study, only data collected in the stance phase of gait was used. For Subject 1, the peak pressures at the patellar tendon area remained around 5OkPa for all the different depths of the patellar tendon bar. The pressures around the anterior tibial crest rose from 80kPa to about I2OWa. At the lateral tibial flare they remained relatively similar around IlOkPa. At the tibial end they rose from 90kPa to around 170kPa. Lastly, the pressure from condyle decreased from 70kPa to around 30kPa. The data for the other subjects were also found to be similarly irregular. It was concluded that the data was irregular and insufficient to be statistically significant for this study.
It was felt that if the data from the walking trials were to be investigated, a better understanding of prosthetic socket dynamics during walking would have to be achieved first. The study used Muley straps for suspending the prostheses onto the patients' stumps. This method allowed too much pistoning of the stump within the socket and so would have affected the readings. For future studies, it is recommended that silicone locking liners be used for suspension. This type of suspension system minimises pistoning and also requires little modification to the cast during fabrication. As such, the shape of the stump will not be lost. , Having obtained results individually for each subject, it was deemed prudent to combine all the results obtained and perform another ANOVA to see the overall trend of the measurements taken from the five subjects. Different patients have different body masses which will affect the pressure readings obtained. Thus, the body masses of the subjects were included in the analysis as a covariance to address this issue.
It can be seen that the pressures in the patellar which further means that increasing the depth of the patellar tendon bar affects each pressure region in different ways. A significant p-value alone does not specify which depths of patellar bar differ from one another. It only indicates that there are differences among the depths of patellar bar. To identify the critical depths of patellar bar that differ significantly from one another, multiple range test was performed (Keppel. 1991) . Table 1 shows a multiple comparison procedure to determine which means are significantly different from others. The table indicates the estimated difference between each pair of means by comparing the different depths of the patellar tendon bar. Least significant means at the Omm to 8mm depth are compared and contrasted. An asterisk has been placed next to 7 pairs, indicating that these pairs show statistically significant differences at the 95.0% confidence level. The table indicates that increasing depth beyond 4mm does not change the pressure exerted significantly and coincidently it was also observed that 4mm is the thickness of patellar bar when all the subjects felt most comfortable.
Conclusion
The design of prosthetic sockets has been described as both an art and a science. Prosthetists often rely on their experience and direct patient feedback in designing reasonably comfortable sockets. The task becomes more difficult when the patients have never worn prostheses before and are unable to make comparisons. This study focused on the commonly used PTB socket type and the significance of the patellar tendon bar in respect of other areas of the socket. Statistical analysis was also used.
Using the P-Scan transducer, it was possible for this study to conduct various socket trials without the transducer altering the shape of the prosthetic socket; the transducers were thin and did not affect the fit of the sockets. Spacers 2mm thick were used to simulate increasing patellar tendon bar depth.
The results from the study suggest that an increase in patellar tendon bar depth does significantly affect the pressures at certain regions within the socket. The patellar tendon bar may be a very good load-bearing region which redistributes pressures away from the other bony pressure areas. A higher loading at the patellar area may reduce the pressures in some other areas within the socket but there must first be an understanding as to the tolerance of the patient towards such high pressures. Every subject has got a different stump shape and thus the depth of patellar tendon bar required by each subject is different. However, there is an optimal depth of patellar tendon bar where below or beyond that depth, the subject would feel discomfort. From qualitative feedbacks from the subjects in this study it seems that all of them found the socket most comfortable when the patellar tendon bar depth was at 4mm.
Due to time constraint, the study was only conducted on five patients. It would have been more revealing if more subjects had participated and thinner and more spacers had been used.
Alternatively, a CAD-CAM system could have been employed to produce multiple sockets of various patellar tendon bar depths whilst keeping the rest of the socket shape the same.
With rapid advances in computer technology, CAD-CAM and numerical analysis tools have become more readily available and more widely used. The use of numerical analysis could save both time and money as compared to conducting clinical trials. The data obtained from this study could be used as a platform for verification of the numerical analysis performed on the model. For walking trials, a better form of suspension, such as silicone suspension liners, could have been used to minimise pistoning of the stump in the socket. With better suspension, it is believed that the data collected from the walking trials would be more consistent. For precision, a longer walking distance would also be preferred, so that more data could be collected.
